1
observed a significant decrease in the food intake in Nts-cre mice after 2 hours of refeeding 1 (Extended Data Fig 1i) . 2
In order to better characterize how Nts neurons respond to stress, we next analyzed 3 the activity of Nts LS neurons using fiber photometry to optically record calcium signals in 4 freely behaving mice 17 (Fig. 2a ). We found an increase in the Ca +2 signal at both the 5 beginning and end of a 1-minute period of restraint, where the mouse was being manually 6 restrained by the experimenter. However, these neurons showed an increase in Ca +2 signal 7 only when animals were actively struggling to escape from the restraint, and were silent 8 when the animals were immobilized or had stopped struggling ( Fig. 2b , Extended Data Fig  9   2a ). We also observed activation of these neurons while animals struggled during a 1-10 minute tail suspension ( Fig. 2c, Extended Data Fig 2b) . We thus wondered whether Nts 11 neurons were specifically activated by flight-induced stress e.g. a stressful situation where 12 the animals has an ability to escape. We therefore exposed mice to a simulated predator 13 using a remote-controlled robotic spider. We found that exposing the mice to the robotic 14 spider in a predator-induced stress paradigm led to a similarly strong activation of Nts LS 15 neurons response that persisted until the mouse could escape into a designated "safe" nest 16 area ( Fig. 2d , Extended Data Fig 2c) . Furthermore, when the nest was removed and mice 17 were again exposed to the spider, there was an increase in Ca +2 fluorescence ( Fig. 2e , 18
Extended Data Fig 2d) . In contrast, we did not find a temporal correlation between Ca +2 19 signals and feeding (Extended Data Fig 2e and f) or a change during locomotion or 20 exploration in the absence of a "predator" (Extended Data Fig 2g and h) . These data show 21 that Nts LS neurons are activated by stressful stimuli in vivo, particularly those for which 22 flight is a viable strategy, and remain active until the animal is in an environment that is 23 perceived to be protected. 1
Because of the link between stress and Nts LS activation, we tested the role of Nts LS 2 neurons in a variety of behavioral tasks that assess anxiety, and found no changes in open 3 field thigmotaxis or locomotion (Extended Data Fig 3a-c) , open-field with novelty 4 (Extended Data Fig 3d) , elevated plus maze behavior (Extended Data Fig 3e-h) , or 5 novelty-suppressed feeding (Extended Data Fig 3i) after Nts LS activation. Thus, although 6
Nts LS neurons are activated by stressful situations that increase movement, their 7 activation does not itself induce anxiety-like behaviors. 8
The LS expresses a number of peptides and peptide receptors aside from neurotensin. 9
We therefore asked whether other peptides co-expressed with Nts might also control 10 feeding. In order to characterize Nts LS neurons, we used viral-TRAP to molecularly profile 11 these neurons 18 . We expressed an adeno-associated virus expressing an eGFP-tagged 12 ribosomal protein (AAV-Introvert-EGFPL10a) in Nts LS neurons of Nts-cre mice and 13 isolated polysomes by immunoprecipitation with an anti-GFP antibody ( Fig. 3a ). We then 14 performed RNA-sequencing and identified several genes that were enriched in the 15 polysome fraction including inhibitory interneuron markers Cort and Sst, as well as Glp1r, 16
Cartpt and Mc3r (Fig. 3b , Supplementary Table 1 ). We confirmed the upregulation of these 17 markers as well as Gfp and Nts and downregulation of glial markers Gfap and Mal within 18 this population using qPCR ( Fig. 3c ). We found that ~80% of septal Nts neurons coexpress 19
Vgat, a marker of GABAergic neurons, (Figure 3d , Students' t-test, *p<0.01) while ~70% 20 of Nts LS neurons expressed Glp1r. Sst is expressed in ~50%, Cartpt in ~40% and Mc3r in 21 showed the highest colocalization with Nts LS neurons, we asked Glp1r could mediate the 1 effect of stress on feeding behavior. Indeed, it has been shown prebiously that infusion of 2 Exendin-9 (Ex9, a GLP1R antagonist) within the LS blocked the stress-induced decrease 3 in food intake 20 . We found increased Fos expression in Nts LS neurons co-expressing Glp1r 4 after stress, with ~40% of Nts/Fos+ neurons co-expressing Glp1r (Fig. 3j , Students' t-test, 5 **p<0.01). We also found that Exendin-4, a Glp1r agonist increased Fos+ expression in 6 ~65% Nts LS neurons co-expressing Glp1r (Fig. 3k , Two-way ANOVA with Bonferroni 7 post-hoc, ***p<0.0001). Similar to Nts LS activation, activation of Glp1r neurons within the 8 LS with the exendin-4 agonist or the activating Gq DREADD resulted in a decrease in food 9 intake over 24h ( Fig Finally, we mapped the projections of Nts LS neurons that mediate the effect on food 17 intake. We mapped the projection sites of these neurons in several ways including the use 18 of a cre-dependent GFP reporter AAV expressed in the LS of NT-cre mice ( Fig. 4a ) and 19 also by expressing a cre-dependent anterograde herpes simplex virus, H129ΔTK-TT, 20
within the LS of Nts-cre mice (Fig. 4b ). We found a strong projection to the lateral an AAV injected into the LS (Extended Data Fig 5a) . The LH is a well-established site 1 regulating food intake 21 , and we then tested whether specific activation of the Nts LS àLH 2 projection would lead to a similar decrease in food consumption as activation of all of the 3 septal Nts LS cell bodies. We expressed a cre-dependent Chr2 virus within the LS of Nts-4 cre mice and implanted a fiber above the LH (Extended Data Fig 5b) . Activation of this 5 pathway with blue light led to an increase in c-fos in the LS and in the LH (Extended Data 6 Fig 5c and d) and a significant decrease of food intake compared to controls expressing 7 mCherry reporter, which reversed after light stimulation was removed ( Fig. 4c , Two-way 8 ANOVA with post-hoc Bonferroni correction, *p<0.05). Similar to the effect of activating 9 the entire Nts LS population of neurons, activation of the LH projecting Nts LS neurons led 10 to a ~50% decrease in food intake compared to controls. As before, no change in 11 locomotion or anxiety related behaviors was observed (Extended Data Fig 5e-g) . 12
Feeding is a complex motivated behavior and the elucidation of the neural 13 mechanisms that control nutrient intake will provide a basis for understanding how other 14 stimuli such as stress influence the behavior. The limbic region is classically known to 15 regulate emotional and learned behaviors 22 including the response to stressful stimuli and 16 its important role in regulating homeostatic behaviors such as feeding is just beginning to 17 emerge. Anorexia nervosa is often triggered by stress and the delineation of the neural 18 circuits linking feeding to stressful stimuli may provide a framework for better 19 understanding the pathogenesis of this and other nutritional disorders. 20
The LS is part of the limbic system and the data reported here reveals a previously 21 unknown role for neurotensin neurons co-expressing Glp1r, within the lateral septum to 22 reduce food intake in response to stress. The data further indicate this effect is mediated by 23 a projection to the lateral hypothalamus. Prior studies have suggested that the LS is 1 involved in active stress coping 23,24 , and we find that Nts LS neurons specifically respond 2 during a stress situation, including a "predator induced stress paradigm but only under 3 conditions in which flight (or movement) is an adaptive response. Since the functional 4 consequence of this activation is to decrease food intake, this neural population may be 5 related to coping mechanisms that dispense with voluntary food intake until appropriate 6 countermeasures to mitigate the stressful event have been taken. Thus, this population of 7 neurotensin neurons appears to play an integratory function and represents a link between 8 stress and food intake, thus providing a novel entry for understanding how complex inputs 9 -in this case food deprivation vs. danger -can compete to generate an adaptive response. 10
Together with recent data from our laboratory and others 6,25-26 (Azevedo 2019, 11 Newmyer 2019, Land 2014), this suggests that higher order brain regions which project 12 downstream can integrate information about the surrounding environment and provide 13 powerful modulation of basal feeding circuits which ultimately control behavioral output. 14 Glp1r-cre experiments. In experiments that used Cre+ and Cre-mice, littermates were used. 1
No differences were determined based on gender. Mice were kept on a 12-h/12-h light/dark 2 cycle (lights on at 7:00 a.m.) and had access to food and water ad libitum, except when 3 noted otherwise. All feeding experiments used standard rodent chow pellets. 4 5 Stereotaxic Injections. 6
All AAVs used in this study were purchased from UNC Vector Core or Addgene, except 7 where noted. AAV5-DIO-hM3Dq-mCherry or AAV5-DIO-Chr2-mCherry were used for 8 activation studies. AAV5-DIO-hM4Di-mCherry was used for inhibition studies. Control 9 AAV5-DIO-mCherry virus was used for comparison and for terminal projection mapping. 10 AAV5-DIO-GCaMP6s was used for fiber photometry studies. AAV5-Introvert-GFPL10a 11 was a gift from Alexander Nectow. H129ΔTK-TT virus was a gift from David Anderson 12 and was used as described previously 27 (Mice were anesthetized with isoflurane, placed in 13 a stereotaxic frame (Kopft Instruments) and bilaterally injected in the lateral septum using 14 the following coordinates relative to bregma: AP: +0.1; ML: 0.0, DV: -3.00 (Paxinos). A 15 total of 400 nL of virus at high titer concentrations (at least 10 11 ) were injected per site at 16 a rate of 100 nL/min. For pharmacological experiments, cannula were implanted in the LS 17 at the same coordinates as above. For fiber photometry experiments, optic fiber implants 18 (Doric) were inserted at the same coordinates as above. For optogenetics experiments, optic 19 fiber implants (Thor Labs) were implanted bilaterally over the LH at the following 20 coordinates relative to bregma: AP: -1.80 mm; ML: + 1.50 mm, DV: -5.25 mm at a 10 ∘ 21 angle (Paxinos). Implants were inserted slowly and secured to the mouse skull using two 22 layers of Metabond (Parkell Inc). Mice were singly housed and monitored in the first weeks following optic fiber implantation. For all surgeries, mice were monitored for 72h to 1 ensure full recovery and two weeks later mice were used in experiments. Following 2 behavioral procedures, mice were euthanized to confirm viral expression and fiber 3 placement using immunohistochemistry. 4 5
Restraint Stress 6
Except where noted for fiber photometry studies, restraint stress consisted of 1 hour of 7 immobilization in a decapicone (Braintree Scientific) in a separate room adjacent to the 8 housing room. Mice were returned to their homecage following restraint for further food 9 intake measurements or until euthanasia. 10 11
Fiber photometry 12
Mice were acclimated to patch cables for 5 min for 3 days before experiments. Analysis of 13 the signal was done using fiber photometry system and processor (RZ5P) from TDT 14 (Tucker-Davis Technologies), which includes the Synapse software (TDT). Post-recording 15 analysis was performed using custom-written MATLAB codes. The bulk fluorescent 16 signals from each channel were normalized to compare across animals and experimental 17 sessions. The 405 channel was used as the control channel. GCaMP6s signals that are 18 recorded at this wavelength are not calcium-dependent; thus, changes in signal can be 19 attributed to autofluorescence, bleaching, and fiber bending. Accordingly, any fluctuations 20 that occurred in the 405 control channels were removed from the 465 channel before 21 analysis. Change in fluorescence (ΔF) was calculated as (465 nm signal − fitted 405 nm 22 signal), adjusted so that a ΔF/F was calculated by dividing each point in ΔF by the 405-nm 23
Optogenetics Feeding Experiment. 1
Mice were previously habituated to patch cables for 3 days before experiments. Implanted 2 optic fibers were attached to a patch cable using ceramic sleeves (Thorlabs) and connected 3 to 473 nm laser (OEM Lasers/OptoEngine). Laser output was verified at start of each 4 experiment. Blue light was generated by a 473 nm laser diode (OEM Lasers/OptoEngine) 5
at 5-10 mW of power. Light pulse (10 ms) and frequency (10Hz) was controlled using a 6 waveform generator (Keysight) to activate NT+ terminals in lateral hypothalamus. 7
Animals were sacrificed to confirm viral expression and fiber placement using 8 immunohistochemistry. Each feeding session lasted 80 min and it was divided in 1 trial of 9 20 min to allow the animal to acclimate to the cage and 3 trials of 20 min each (1h feeding 10 session). During each feeding session, light was off during the first 20 min, on for 20 min 11 and off again for the remaining 20 min. Consumed food was recorded manually before and 12 after each session. To facilitate measurement, 3 whole pellets were added to cups and food 13 crumbs were not recorded. Feeding bouts were recorded using a camera and the Ethovision 14 
